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INTRODUCTION
Simvastatin (SIM, Figure 1a ), 2,2-dimethyl-,1,2,3,7,8,8ahexahydro-3,7-dimethyl-8-[2-(tetrahydro-4-hydroxy-6-oxo-2H-pyran-2-yl)ethyl]-1-naphthalenyl ester [1S-[1a,3a,7b,8b (2S*,4S*),8ab]] butanoic acid is one of the most used statins as lipid-lowering agents, for the treatment of hypercholesterolemia. 1, 2 It reduces the morbidity and mortality associated with chronic heart disease. 3 SIM is commercially available as tablets. Similarly to lovastatin (LOV, Figure 1b ) SIM is administered in lactone form as a pro-drug, which is enzymatically hydrolyzed in vivo to active b-hydroxy acid form (Figure 1c ), particularly in liver. The active form competitively inhibits 3-hydroxyl-3-methylglutarylcoenzyme A (HMG-CoA) reductase, which converts HMG-CoA to mevalonate, a rate-limiting step in cholesterol biosynthesis. [4] [5] [6] SIM is semi-synthetically produced from LOV, which is a natural fermentation product of Aspergillus terreus. Hence, LOV can be found in SIM raw material as impurity. 2,7-9 SIM quantitation in bulk or finished products samples has been reported using ultraviolet spectrophotometry and liquid chromatography (LC-UV/DAD). [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] LC ion-par coupled to UV detector and visible spectrometric method have also been reported. 20, 21 Furthermore, LC-MS/MS was employed to identify SIM impurities or degradation products in bulk drug or tablets dosage form. 22, 23 UV spectrometry, LC-UV and LC-MS have been reported to quantify SIM associated with other drugs such as ezetimibe, gemfibrozile or in multi-drugs formulation. [24] [25] [26] [27] A micellar electrokinetic chromatographic (MEKC) method has been employed to quantify SIM and LOV in tablets. 28 Several other studies, not here considered because of its focus on SIM quantitation in biological samples describe LC coupled with UV or fluorescence detectors. LC is the most commonly reported method due to its feasibility to couple with several detection techniques. Acetonitrile (ACN) widely used in combination with buffer solution in mobile phases, mainly in SIM official monographs of solid dosage forms. 2, 11, 12, 14, 15, 18, 20, 22, 23, [25] [26] [27] 29 Methanol in a binary mobile phase has been reported for SIM determination in nanoparticles (specific pharmaceutical dosage form) in the concentration range 20-80 mg mL -1 . ACN worldwide shortage has reached a very high cost in the market between years 2008 and 2009. 30 In order to get around this situation, an alternative lower cost methanolic mobile phase, not only to assay SIM, but also, to determine SIM in dissolution studies was applied for tablets routine analysis.
EXPERIMENTAL

Chemicals and reagents
United States Pharmacopeia (USP) simvastatin reference standard (RS, lot I0D382, 99.4% purity, Rockville, MD, USA), lovastatin pharmaceutical grade gently donated by Pharma Nostra (lot 07061205A, 99.9% purity, Rio de Janeiro, RJ, Brazil) and locally purchased Zocor ® 20 mg tablets samples (Merck Sharp Dohme, Campinas, SP, Brazil) were used. Methanol HPLC grade (Tedia, Fairfield, OH, USA), phosphoric acid 85% (Merck, Darmstadt, Germany), sodium dodecyl sulphate (Pharmacopéia Ativos Magistrais, Barueri, SP, Brazil), sodium hydroxide (J.T. Baker, Phillipsburg, NJ, USA) and monobasic sodium phosphate (Vetec, Rio de Janeiro, RJ, Brazil) were used as received. Distilled or ultrapurified water (Milli-Q-Plus, Millipore, Bedford, MA, USA) was used when necessary.
Instrumentation
The dissolution studies were performed in a DT80 (Erweka, Heusenstamm, Germany) dissolution system employing paddles (50 rpm) and 0.5% sodium dodecylsulphate (SDS) in 0.01 M monobasic sodium phosphate, final pH 7 ± 0.05 adjusted with 40% w/v sodium hydroxide (900 mL, 37 ± 0.5 °C). 2, 29 Withdrawn aliquots (with no media replacement) were filtered through a 0.45 µm membrane and directly injected in the chromatograph.
Separations were performed in a HP1200 quaternary liquid chromatography system (Agilent, Palo Alto, CA, USA) with automatic injector fitted at 10 mL, ultraviolet diode array detector (UV/DAD) set at l 238 nm, octylsilane column (C8 and C8e, 250 x 4 mm, 5 mm) at 30 °C (Merck, Darmstadt, Germany) with data acquisition by internal software (Agilent ChemStation version Rev.B.02.01-SR1). Mobile phase consisted of methanol and 0.1% phosphoric acid (80:20 v/v) at flow rate 1.5 mL min -1 , with backpressure of circa 125 bar. All standard and sample solutions were filtered through a 0.45 µm filter membrane (MiniSart RC15 Sartorius, Goettingen, Germany) before injection. Peak area was used for SIM quantitation.
Standard solution preparation
Stock solutions of SIM RS were accurately prepared in methanol (200 mg mL -1 ) and in the dissolution medium (100 mg mL -1 ). Diluted SIM standard solutions at 40 mg mL -1 were prepared in methanol for assay and at 2, 10, 18, 26, 34 mg mL -1 in the dissolution medium. All standard solutions were prepared in triplicate.
Sample solution preparation
Powdered tablets (20 units) equivalent to 5, 10, 20 mg SIM were accurately weighed in a 50 mL volumetric flask (triplicate), added of 25 mL methanol and sonicated for 10 min. Final volume was completed with the same diluent. The dispersions were filtered and aliquots of 10.0 mL were transferred to 50 mL flask volumetric to yield final concentrations 20, 40, 80 mg mL -1 , respectively. System suitability was verified by injections (n = 6) of SIM standard solution prepared in methanol (40 mg mL -1 ) and in dissolution medium (22.2 mg mL -1 ). The relative standard deviation (%RSD) for SIM peak areas and retention times (t R ) were accepted if less than 1.0 or 2.0% for assay or dissolution test, respectively. 31, 32 Chromatographic parameters as retention factor (k), theoretical plates (N), tailing factor (T f ) and peak asymmetry (A s ) were also evaluated.
Method validation
Calibration plots were built in two days in the mass range 0.04-0.80 µg by injection of 1, 5, 10, 15, 20 mL of SIM standard solution at 40 mg mL -1 in methanol and in the concentration range 2-34 mg mL -1 for SIM solutions in dissolution medium by injection of 10 µL of standard solutions at 2, 10, 18, 26, 34 mg mL -1 . All injections were in triplicate. The calibration plots behavior, normality and homoscedasticity (a 0.05) were verified by weighted least squares method using a linear regression model to determine the weights, Shapiro-Wilk and Levene tests, respectively. 33 Residues greater or equal than 3.0 were removed by using studentized residuals model. Correlation coefficients, r, were calculated and results were considered significant if correspondent p-value were less than 0.05. All statistical analyses were performed using the R software (R Foundation for Statistical Computing, Vienna, Austria).
Limits of quantitation (LOQ) and detection (LOD) were determined in triplicate (for methanolic solutions only) by successive dilutions of the lowest calibration curve point. The concentration for which the maximum precision remained below the acceptance limit (RSD 2.0%) was evaluated for LOQ. The minimum detectable area in the greatest dilution was considered for LOD. 31, 34 The method selectivity was evaluated by comparison of SIM chromatogram standard solution in methanol (40 mg mL -1 ) with that of tablets excipients mixture (ascorbic acid, citric acid, hydroxypropylcellulose, butylated hydroxyanisole, hydroxypropylmethylcellulose, iron oxides, lactose, magnesium stearate, microcrystalline cellulose, starch, talc, titanium dioxide) in methanol. In dissolution medium, SIM standard solutions (22.2 mg mL -1 ) were compared with that obtained by addition of a placebo mass, equivalent to one average weight in three dissolution vessels, agitated at 150 rpm for 30 min. 32 The intraday and inter-day precision for SIM tablets sample solutions (20, 40, 80 mg mL -1 in methanol, triplicate) was performed in three days. 34, 35 A different analyst performed the procedure at the third day. SIM standard solutions (22.2 µg mL -1 in dissolution medium, triplicate) were used to evaluate intra-day precision. Tablets dissolution test (30 min) inter-day precision was evaluated by different analysts in two days each. 32 The results were calculated by the common plot equations.
The standard addition method was employed for accuracy studies. Sample tablet solution in methanol was prepared as in sample preparation, except that, it was at 15 mg mL -1 (37.5% of working concentration). SIM standard solution aliquots were added, so that, 50, 100 and 200% of working concentration (40 mg mL -1 ) were obtained. The equation %R = [(C T -C A )/C S ] x 100 was employed to determine SIM recovery, in which, C A is concentration in nonspiked solution, C T is total concentration in spiked solution and C S is concentration of standard solution. Accuracy in the dissolution medium (900 mL per vessel) was obtained by addition of SIM RS in three different amounts (2, 20, 30 mg) to a tablet placebo mixture, equivalent to one average weight. Each concentration was tested in triplicate. 32 Robustness was verified for SIM determination (40 mg mL -1 in methanol, n = 6), by varying organic solvent ± 2.0%, flow rate ± 0.1 mL min -1 and temperature ± 10 °C. Equivalent SIM standard solutions (n = 3) were run in the same conditions. For SIM dissolution medium solutions (n = 6), molarity ± 0.005 M, pH ± 0.5 and C8e (endcapped) column were tested. SIM concentrations were calculated by the calibration plot equation. All data were evaluated by analysis of variance (ANOVA) in a significance level a 0.05 using R statistical software.
In a short term stability study SIM RS methanolic solution (40 mg mL -1 ) was kept at room controlled temperature (22-24 °C) and was analyzed after 20 h. Dissolution stability study was evaluated by the addition of 20 mg SIM (one tablet) to dissolution medium (37 °C, 900 mL, 50 rpm, 30 min). This solution (22.2 mg mL -1 ) was transferred to vials (n = 2), one kept at room temperature and the other at under refrigeration (2-8 °C) . Vials were analyzed every hour during 7 h for comparison. A change less than 2.0% in the response was considered acceptable. 34 Dissolution studies for SIM tablets (n = 6) release was performed in two days, using the previous described conditions until 45 min and, for additional 15 min at 150 rpm. Aliquots (3 mL) were withdrawn at the time intervals 3, 5, 8, 10, 12, 15, 30, 45, 60 min, without medium replacement. Filtered aliquots were maintained at 2-8 °C previous to injection in the chromatograph. C8e (endcapped) column (250 x 4 mm, 5 mm) was used.
RESULTS AND DISCUSSION
Very few reports describe the use of C8 column to determine SIM in pharmaceutical samples. [21] [22] [23] 27 However, C8 has been chosen because separation shows a slightly lower peak retention time (t R ) as fair as resolved as in a C18 column under the same conditions. Most reported studies, use isocratic or gradient elution of ternary or binary mobile phases containing acetonitrile (ACN) as organic solvent, in a variable proportion from 60 to 85% v/v, usually with buffer. 12, 17 Because there is a need to address method validation for SIM determination and dissolution studies, for which linear concentration ranges and diluents are usually different, a single feasible isocratic liquid chromatographic method was proposed. Due to ACN shortage and high cost in the market between years 2008 and 2009, an alternative less expensive solvent was desirable. 30 Different options to reduce solvent cost are reported in the literature. 36, 37 Ribeiro et al. showed that low-cost ethanol can be a choice of mobile phase organic modifier for many RP-HPLC applications. However, its use is not worldwidely allowed, because of the control regulations in some countries, mainly in USA. 36 A great effort has been done in order to substitute ACN by methanol, what does not require modifications in equipment nor in the column. 37 A binary phase, methanol and water, has been reported for SIM quantitation in nanoparticles and in human plasma. 19, 38 No report has described the use of methanol binary phase in reverse column applied to SIM tablets.
Hence, solvent-strength nomograph for reverse-phase HPLC was used to estimate a correspondent methanol percentage necessary to substitute ACN. 31 Considering 72.5% as an average ACN percentage used in the reported mobile phases, a correspondent methanol percentage should be approximately 80%. In this work, different ratios of methanol and 0.1% phosphoric acid (75:25, 80:20, 85:15, 90:10 v/v) in isocratic elution were evaluated for SIM. The 80:20 and 85:15 mobile phase ratios yielded SIM k values near 2.0 (3.54 and 1.79, respectively) and were used to evaluate the selectivity of SIM and LOV (SIM synthesis route precursor, 40 mg mL -1 of each, in methanol or 22.2 mg mL -1 in dissolution medium) at room temperature immediately after preparation and five days later. Superior chromatographic separation and resolution between SIM, LOV and their degradation products were observed for mobile phase 80:20 ratio than 85:15 one.
In the latter, nevertheless, peaks overlapping were observed for SIM and LOV degradation products in methanol ( Figure 2 ) and for LOV and SIM degradation products in dissolution medium (Figure 3) .
Interestingly, it should be noted that the products eluted with greater t R than SIM and LOV in methanol. The presence of methanol may lead to lactone methanolysis and esterification, what is agreement with previous report. 39 On the other hand, the more polar products eluted at lower t R in dissolution medium because of lactone hydrolyses to the corresponding acid form in aqueous solutions (pH 7). 40 The products UV/DAD spectra ( Figure 4 ) were identical to SIM and LOV original spectra in both diluents; revealing that the chromophore moiety is not affected by ring opening. 41 For all these reasons, the 80:20 v/v ratio mobile phase (1.5 mL min -1 , 30 °C) was selected. Column temperature, set at 30 ºC helped reducing methanol:aqueous acid mobile phase viscosity, decreasing backpressure, therefore avoiding fluctuations. The backpressure was maintained around 125 bar.
System suitability showed %RSD values for peak area (0.47; 0.10) and t R (0.05; 0.02) less than 1.0% for methanol and dissolution medium solutions, respectively. The results also demonstrate the suitability of the system in terms of column efficiency greater than 2000 (N 5999; 6551), adequate peak shape less than 2.0 (T f 1.13; 1.15) or asymmetry less than 1.2 (A s 1.16; 1.19), appropriate SIM peak retention factor greater than 2.0 (k 2.67; 4.43) for solutions in methanol and dissolution medium, respectively. 31, 34 No fluctuations in the baseline was observed during the runs. Hence, the proposed method showed system suitability for SIM determination in either diluent.
SIM calibration plots were built in both diluents. The simplest model that adequately described the concentration-response relationship was the weighted least squares method using a linear regression model (variances versus mean responses in each concentration) to determine the weights. 42 The plots for SIM methanolic (Table 1) or dissolution medium (Table 2) solutions showed a linear behavior. No residues were removed for methanolic solutions plots, however, the common plot for dissolution medium solutions had two residues (6.6%) removed, less than 22% of the data. 43 Plots in methanol, as well as, in dissolution medium showed no significant parallelism deviation by ANOVA (p-value > 0.05). Common regression plots were significant (p-value < 0.05), correlation coefficients (r) were above 0.999 and determination coefficients (r 2 ) were greater or equal 0.98. 32, 44 The regression RSD values were less than 1.0%. Intercept was not statistically different from zero for dissolution medium solutions (p-value > 0.05) and percentage of the intercept relative to 100% analyte level was less than 2.0% for methanolic solutions. 32, 44 For both diluents, data analyses followed adequate normality and homoscedasticity (p-value > 0.05).
RSD value found (1.2%) for LOQ was lower than 2.0% for SIM methanolic solutions. 34 The method selectivity is demonstrated in Figures 5 and 6 for methanolic and dissolution medium solutions, respectively. Tablet (b) placebo constituents did not exhibit interfering peaks over (a) SIM RS retention time. Tablet (c) placebo added of SIM RS methanolic solutions also did not interfere in (a) SIM RS retention time.
The RSD values for intraday (1.86, 1.34%) and inter-day (2.02, 1.47%) precision were equal or lower than the acceptance limits for methanolic and dissolution medium solutions, as shown in Table 3 and Table 4 , respectively. 32, 35 Accuracy found values ranged from 99.5 to 100.5% for SIM methanolic solutions, attesting the usual range of acceptance for pharmaceutical products (98.0 to 102.0%). 35 Dissolution medium solutions found values (99.1 to 100.4%) ranged between 95.0 and 105.0% for tablets placebo added of 2.0, 20.0 and 30.0 mg of SIM, in accordance with the USP34 criteria. 32 These results attest the accuracy.
Robustness statistical analysis ( Table 5 ) showed no significant difference (a 0.05) between standardized (nominal) analytical conditions and deliberate variations. The method using HPLC can be applied in a temperature range of 20 to 40 °C with no strict column oven control and small variations in flow and organic solvent proportion do not strongly affect the results.
For dissolution medium solutions (Table 6) , changes in the medium molarity showed greater influence (p-value closer to 0.05) than variations in medium pH. Furthermore, the solutions can be analyzed regardless of endcapped (C8e) or not (C8) columns.
A short-term stability data for SIM RS methanolic solution evaluated after 20 h at 22-24 °C showed a maximum variation of 0.55%. SIM dissolution medium solution kept at 22-24 °C showed variations equal to or greater than 2.0% after 3 h (2.0%) to 7 h (3.4%) standing in room controlled temperature. On the other hand, the maximum variation was 1.1% after 7 h under refrigeration (2-8 °C). 34 This with pre-washed manganese dioxide) is required after SIM dissolution test, before drug quantitation. 2, 29 Zocor ® rapidly dissolving tablets release profile ( Figure 7 ) was greater than 85% in 10 min. The RSD precision values between days for time points above 85% drug release (10, 12, 15, 30 , 45 min) and below (8 min) were less than 5 and 10%, respectively. 32 Time points 3 and 5 min were not considered because of high RSD values (> 20%) found for six units tested each day. These results attest that proposed method is adequate for SIM tablets in vitro release studies. fact can be explained by SIM temperature sensitiveness. 40 These results indicate that SIM can be assayed under room temperature in methanolic solutions, as well as, for dissolution test. However, it is recommended that SIM solutions to be kept under refrigeration for release profile studies, which are, usually, longer tests. Because the release profile is an important stage in the development and quality monitoring of the pharmaceutical products, C8e (As 1.00, %RSD 0.12) was preferred rather than a C8, (As 1.20, %RSD 0.32), since more symmetric peaks were obtained. 31 In addition, a HPLC method was chosen for SIM tablets dissolution studies due to improved analytical sensitivity and reduced interference from excipients, without any sample treatment. Contrastingly, a method using UV spectrophotometric is described in international compendia for SIM tablets monograph, in which a sample preparation (centrifugation Figure 7 . SIM 20 mg tablets (n = 6) release profiles in different days (n=2). Conditions: 0.5% SDS in monobasic sodium phosphate (pH 7, 0.01 M), 900 mL, 37 °C, paddles, 50 rpm for 45 min, 150 rpm for 15 min In summary, the proposed RP-HPLC method advantages are the lower cost (50% less than ACN) and the absence of sample treatment after dissolution test compared to the UV method. 2, 29 In addition, it presented a low total run time (7.4 min) in isocratic elution, high selectivity towards SIM and LOV (SIM synthesis route precursor) degradation products in a wide concentration range (0.04-0.80 µg equivalent to 4-80 mg mL -1 ), with similar backpressure regarding ACN use (125 versus 130 bar). Furthermore, a liquid chromatographic method had not yet been applied to SIM tablets using official dissolution test conditions. 2,29
CONCLUSION
An alternative validated method using RP-HPLC was successfully applied for SIM assay, as well as, for dissolution test and profile studies in tablets. The method demonstrated to be fast, simple, feasible and affordable when challenged for robustness either in assay conditions, especially for temperature, or in dissolution conditions, after buffer molarity and pH variations.
